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Abstract

We used a beam of noble gas atoms in a metastable excited state to
expose a thin (1.5 nm) self-assembled monolayer resist applied over a gold-
coated silicon wafer. We determined exposure damage as a function of dose of
metastable atoms by processing the samples in a wet-chemical etch to remove
the gold from unprotected regions and then measuring the reflectivity with a
laser and observing the microstructure with an atomic force microscope. We
found that the minimum dose required to damage the resist substantially was
1.7(3) x 10atoms/cm? for metastable helium, and 25(7) x 10'®atoms/cm?

for metastable argon.



INTRODUCTION

We recently demonstrated a new prototype method of microlithography [1] that uses
a beam of neutral argon atoms in metastable excited states (Ar*) to expose an organic
self-assembled monolayer (SAM). In these experiments, the substrate under the resist was
a gold-coated silicon wafer. Samples were inserted into a beam of Ar* which had been
patterned in the transverse direction using a physical mask. The exposure to metastables
produced a pattern of damage in the SAM that was transferred by a wet-chemical etch onto
the underlying gold. The patterned gold layer could then be used as a resist to form features
in the underlying silicon substrate. Microstructures 5 um wide with sharp (< 100 nm-wide)
edges were generated using this technique.

In this paper we investigate the dose-response behavior of the SAM resist to exposure by
two metastable species with significantly different internal metastable excitation energies:
Ar* (12 eV) and He* (21 eV). Metastable noble gas atomic beams are potentially suitable
for lithography for several reasons: 1) they typically have a short de Broglie wavelength,
(< 0.1nm) which makes them relatively insensitive to diffraction, a limiting problem in
lithography using ultraviolet light; 2) they can be patterned using physical masks as shown
in [1] or by using atomic optics, e.g. focusing with laser light [2] or optical quenching by
lasers [3]; 3) they are immediately quenched upon interaction with a surface, leaving a neu-
tral inert gas atom in its ground state that can no longer damage the surface. Conventional
lithographic agents (UV light, electrons) damage deep into a resist, an undesirable charac-
teristic since scattering inside the resist can broaden a feature. Metastable atoms interact
only with the outermost atomic layer of a surface and thus can provide concentrated damage
to an ultra-thin resist without penetrating into the underlying substrate. SAMs are a good
thin resist for this application: they are only ~ 1.5 nm-thick, and a number of studies have
shown that they are useful for lithography when exposed to electron beams (conventional or
via STM), ions, or photons [4] [5] [6] [7] [8] [9]. The SAMs are substantially damaged by low

doses of metastable atoms, and hence allow patterns formed in a metastable atomic beam



to be transferred into an underlying layer. The data in the present experiment determine
the dose of metastable atoms needed to damage the SAM to a sufficient level to be useful as
a prototype method of lithography. The method is still new and awaits considerable further
development before its viability for production line lithography in an industrial setting can
be determined.

An immediate potential application for a SAM is the detection of small (< 100nm)
features in center of mass distributions of atoms. This is currently a challenging problem
in atom optics. SAMs might be used as a high-resolution, two-dimensional detector for
metastable atoms. Exposure of the SAM to a patterned beam of metastable atoms creates
a pattern of damage in the SAM that can be transferred into an underlying gold substrate
using a wet-chemical etch, and subsequently imaged using a variety of techniques such as

atomic force microscopy or scanning electron microscopy.

EXPERIMENTAL SETUP AND PROCEDURE

The experiment consists of four major steps: 1) preparation of a sample, 2) exposure of
this sample to a beam of metastable atoms, 3) development of the sample by etching in a
solution that contains ferricyanide, and 4) quantifying the amount of damage to the SAM
by measuring the reflectivity of the remaining gold and by observing the gold microstructure
with an atomic force microscope (AFM).

1. Sample Preparation: Electron-beam evaporation was used to coat a polished Si <
100 > wafer with 2.5 nm of Ti (adhesion promoter) followed by 40 nm of Au (99.99%). The
value of the gold thickness was chosen to assure a uniform coating, although smaller values,
perhaps of a different material, could be used and would be warranted if this method is
pushed to higher resolution in the future. The wafer was then fractured into rectangular
samples of 1 cm by 3 cm. The thickness of the gold was determined by protecting part
of the sample with polymethyl methacrylate(PMMA), etching the unprotected gold using

the PMMA as a resist, removing the PMMA, and measuring the height of the gold step-



edge with an AFM. The accuracy of the AFM measurement was verified by repeating the
measurement with a second, independently calibrated, AFM. The two measurements agreed
to better than the 11% AFM calibration specification.

SAMs were prepared on the gold surface by inserting the samples into a 0.202 g/l (~
0.001 M) solution of dodecanethiol CH3(CHg);;SH in ethanol for at least 24 hours. All
glassware used for this step of the experiment was “Piranha” cleaned [10]. Dodecanethiol was
obtained from a commercial source and was purified by distillation prior to use. Samples
were removed from this solution, rinsed by dipping into absolute ethanol, and inserted
immediately (< 2 mins) into the loading chamber of the atomic beam apparatus.

2. Ezrposure to metastables: Figure 1 shows a schematic of the experimental atomic beam
apparatus. The metastable atoms were produced by a low pressure gas discharge similar
to the one described in [11]. The discharge consisted of a sharpened tungsten cathode
in the center of a quartz tube with a nozzle of approximately 120 um diameter at one
end. The working pressure inside the quartz tube was maintained at 1 kPa for argon and
4 kPa for helium. A skimmer, located 7 mm from the nozzle and having a 1 mm diameter
aperture, served as the anode of the discharge. The space between the quartz nozzle and the
skimmer was differentially pumped by a turbo-molecular pump to a pressure between 103
and 1072Pa (107° to 10~* torr), depending on the pressure in the quartz tube. The beam
emitted through the skimmer was roughly collimated by a final aperture to 39(2) mrad [12].
The resulting beam diameter was 7.5 mm in the observation chamber, a distance of 20(1)
cm away from the discharge. The atomic beam apparatus also had a separately pumped
loading chamber for sample insertion and manipulation.

The flux of metastable atoms was determined by measuring the current produced in a
detector plate positioned at the end of the atomic beam apparatus. This current is due to
the emission of secondary electrons from the plate upon metastable impact [13] [14]. We
used graphite-coated stainless-steel plates for measurements of the flux of Ar* and stainless-
steel plates for He*. The accuracy of this method is discussed in detail below. Because the

sample was mounted between the skimmer and the detector it was not possible to measure
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the current at the detector during exposure of the samples. To determine changes in the
flux while samples were being exposed, however, we monitored the current induced on the
sample itself.

Discharges similar to the one used are known to produce electrons, ions, fast neutral
atoms, and vacuum ultra-violet (VUV) photons as well as metastable atoms. The charged
particles were deflected away from the sample using aluminum deflection rods at a positive
high voltage of 1700 V. By quenching the dominant portion of the Ar* flux with a titanium-
sapphire laser at 764 nm, we have previously demonstrated [1] that the primary source of
exposure in these experiments was due to the metastable atoms and not to any other species
in the discharge (charged or uncharged). In the present work we have added a second laser at
795.6nm to quench the remaining fraction of the Ar* flux (the Ar* 3Py component), and find
a residual detector current of only 6% of the full value. We suppose that this residual current
may be due to fast neutrals and/or VUV photons. This double-laser measurement allows
us to determine the Ar* *P, component of our beam to be 17% and the Ar* *P, component
to be 83%, in good agreement with the expected statistical mixture of 5:1. Since laser
quenching was not possible in the case of He* we filled the observation chamber with 0.1 Pa
of either argon or nitrogen to remove He* by collisional quenching. We verified that the
measured detector-current dropped to about 8% of it’s original value after introducing the
quench gas. We suppose that the measured current was due to fast neutrals, helium VUV
photons, or perhaps ions of argon or nitrogen produced by helium VUV photons. In any
case, samples exposed during the presence of either a quench laser (in the case of argon) or a
quench gas (in the case of helium) showed no measurable damage after etching. This shows
clearly that the beam-component that is responsible for the residual signal doesn’t damage
the SAM sufficiently during our exposure times to be observed outside of the present level of
experimental uncertainty. We therefore neglect the residual beam-component for this study,
but note that it may become important for any future work which is carried out at doses
very high compared to those used here.

The pressure in the observation chamber during the measurement was 8 - 10~% Pa when



working with argon and 7-1073 Pa when working with helium. The pressure was due mainly
to the presence of gas from the discharge since the pressure in the observation chamber
dropped to less than 107 Pa when the gas supply was switched off. We used a dry-ice cold
trap on the gas supply tube to remove any contaminants that may have been present. We
used a residual gas analyzer to verify that, on a partial pressure level of 1078 Pa, there were
no hydrocarbon contaminants smaller than 200 AMU present in the observation chamber.

The samples were mounted on a holder at the end of a 30 cm-long vacuum manipulator
and brought into the observation chamber through the loading chamber. The pressure in
the loading chamber was reduced from atmospheric pressure to ~ 0.5Pa over a 10 min
period to avoid possible contamination or damage to the SAM from rapid gas flow. A small
turbo pump was then used to lower the pressure to a presumed value of ~ 10~* Pa before
the loading chamber was opened to the observation chamber. Operation of ion gauges were
found to damage SAMs, so the pressure was only measured in control runs where no SAMs
were actually used. We exposed samples for times that ranged from several minutes to
several hours, depending on the extent of damage that was desired.

3. FEtching: After exposure, the sample was removed from the vacuum chamber and
immediately immersed in an etching solution to remove the gold from regions where the SAM
was sufficiently damaged by the metastable atoms to allow penetration of the etchant. The
etching solution consisted of: 56.0 g/1 (1 M) potassium hydroxide (KOH), 19.0 g/1 (0.1 M)
potassium thiosulfate (K25,03), 11.8 g/l (0.01 M) potassium ferricyanide (K3Fe(CN)g),
and 1.22 g/1 (0.001 M) potassium ferrocyanide (K4Fe(CN)g). Prior to use, the etching
solution was filtered with a 10-20pum sintered-glass filter to remove solid particles. The
etching was performed in the particular geometrical configuration (Fig. 2) that was found to
give the best reproducibility. The samples were etched for 20 min, removed from the etching
solution, washed with distilled water and dried with a stream of dry, filtered nitrogen gas.
The 20 min etch time was chosen to yield good contrast, based on previous experience with
samples heavily exposed with metastable argon studied as a function of etch time [1].

4. Reflectivity Measurements: To determine the amount of gold removed during the



etching process, we used the apparatus shown in Figure 3 to measure the reflectivity of
light from a HeNe laser (632.8 nm) at normal incidence. In this measurement, we took six
one-dimensional scans of the reflectivity, each separated by a distance of 1 mm in the lateral
direction. The laser beam was sufficiently focused that we could image a test grid which
had a 23 um bar width; the calculated spot-size was 15 um on the surface of the sample. In
order to cover the exposed region (7.5 mm diameter) and the adjacent unexposed regions,
we used a typical scan length of 25 mm with 500 data points. We checked the linearity of the
intensity response function of the photodiode to better than 1%. By subsequently studying
the surface structure with an atomic force microscope we were able to make estimates of the
amount of gold removed as a function of reflectivity, and found that under our conditions

reflectivity is a good measure of the amount of gold remaining on the sample.

RESULTS AND DISCUSSION

Figure 4 shows an atomic force micrograph of a sample that was exposed with argon
metastable atoms and etched as described above. The image shows the formation of pits
with a lateral size on the order of 50 nm. The maximum height of the surface features is
smaller than the original gold thickness of 40 nm. Because the surface structure (in all three
dimensions) is small compared to the wavelength of red light, the reflectivity measurement
at 633 nm effectively averages over the pits and yields a result nominally equivalent to a
uniform film composed of the same amount of gold, The reflectivity of 52% measured on this
sample corresponds to a gold thickness of 16 nm. This inferred thickness is approximately
equal to the mean height of the residual gold measured with the AFM in this case.

Figures 5 and 6 show the reflectivity of the sample vs. the dose of metastable argon
(Ar*) and metastable helium (He*) respectively. To obtain the reflectivity for each dose of
metastable atoms, we averaged the results for all samples that received the same dose. We
also performed experiments in which we exposed several areas on one sample; data from

these experiments showed the same trend as that observed in larger data sets composed



of exposures made on different samples. In averaging the data, we treated each of the
exposed areas as an independent exposure. The 12 points shown in Figures 5 and 6 for
doses other than zero are averages derived from a total of 26 independent exposures. The
values for each dose level are generally averages of two to six points, though some are single
measurements (Ar* doses 14, 16 and 28x10'® atoms/cm?, and He* doses 0.13, 1.3 and 5.2
x10% atoms/cm?). Also shown in the figures (horizontal dashed lines) are the measured
values of reflectivity for bare silicon and for unprocessed, gold-coated silicon.

The data show that, for both Ar* and He*, the exposure saturates above a certain dose
of metastable atoms. Well below the saturation limit, the reflectivity decreases linearly
with increasing dose of metastables (within experimental uncertainty). We determined the
slope of this decrease by performing a weighted least-squares linear fit to only the low-dose,
unsaturated measurements (below 15 x 10'® atoms/cm? for Ar*, or 1 x 10'® atoms/cm? for
He*). The resulting lines are shown in Figures 5 and 6. The weights chosen for the fit
were taken from the uncertainties, which are displayed as error bars in the plots. For dose
values with three or more measurements, the uncertainties are the standard deviation of the
measurements, divided by the square root of the number of measurements. For doses with
two or less exposures, an assumption was made that the variance would be similar to the
doses with more measurements, and the average variance of all doses with three or more
exposures was used to estimate the standard deviation. This is divided by the square root
of the number of measurements (2 or 1) to give the uncertainties for the points with few
measurements.

The reflectivity value corresponding to a dose of zero was the average of the reflectivities
of the unexposed regions to the left and right of the exposed regions of all samples studied
with a given gas. There were 15 such measurements for Ar* and 20 for He*. We used the
reflectivity of unexposed regions of gold (that were etched along with the exposed region)
for the zero-dose point rather than the reflectivity of untreated gold to account for possible
damage by processing that may have affected the whole sample. We found the reflectivity

of untreated gold to be 11% higher than that of the background regions in the case of



Ar*and 21% in the case of He*. This effect may have been due to partial breakdown of
the unexposed SAM during processing, but we do not have an adequate explanation for the
difference between the cases of He* and Ar*. The fact that the measured reflectivity at high
metastable atom dose is noticeably above the pure silicon value may be due to the presence
of a residual Ti layer. The full initial 2.5 nm thickness of Ti is calculated to contribute an
additional 5% to the reflectivity. The Ti underlayer is expected to be resistant to the 20
min etch used in this work.

To calibrate the flux, we used published values of the efficiency (£) for the ejection of
electrons by a metastable atom. For He*, Dunning et al. [13] found 4 ge3 = 0.69(10) and
est.men = 0.53(8) for the impact of metastable helium triplets and singlets, respectively, on
a stainless steel plate. Taking into account the flux-ratio of both components, we obtain
Erm Hestymiz = 0.64(10) for the mixture (singlet/triplet=0.37) [15] in our source.

For all noble gases other than helium and neon, the value of € depends strongly on the
preparation of the detector surface. [13] [14] This introduces a large uncertainty in the value
of € 4, which dominates our uncertainty for the measurement of flux. Schohl et al. [14] found
€4, = 0.20 for Ar* 3P, on a freshly prepared surface of colloidal graphite on polished stainless
steel. This was found to be the most reproducible of all the surfaces they studied. The
conditions in our system — including the base pressure in the observation chamber — are very
similar to the conditions in the apparatus of Schohl et al., and we implemented the detector
surface preparation procedure used by those authors. [14] In other measurements, Schohl
et al. [14] showed that the difference in electron ejection efficiencies on graphite for excited
atomic levels that differ by 1.5 eV is 15%. Considering the small energy difference (0.08 eV)
between Ar* 2Py and Ar* 3P,, and the small (20%) fraction of Ar* 3Py, we can safely use the
value €y graphite.miz = 0-20(5) as the detection efficiency for the mixture of Ar* Py-states
and Ar* 3 P,-states in our atomic beam. (We also did experiments using a bare stainless steel
plate as a detector, and then calibrated the plate by comparison with the graphite surface
to obtain €4y steet,mic = 0.15 , well inside the range of €4, steermiz = 0.04 to 0.22 that was

found by Schohl et al. [14] for bare stainless steel). The measured detector currents and the
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related fluxes for helium and argon are given in table 1.

The ratio of the slopes of the linear part of the reflectivity curves for exposure with
Ar*and He* (Figs. 5 and 6) is = = 15(5) (the statistical contribution arising from the
weighted least-squares fit contributes 2 to the overall uncertainty quoted). The damage
was clearly not linearly proportional to internal metastable energy since the ratio of the
excitation energies is only g—;’ = 1.7. This is consistent with the work of Borst [16] who
found a highly nonlinear functional relationship of the electron emission coefficient ¢ vs. the
excitation energy E for metastable atoms on beryllium-copper oxide. However, the SAM
damage ratio, % is also significantly greater than the ratio % of detector coefficients.
This shows that helium is much more efficient for this type of lithography than argon, and
underscores the need for better understanding of the underlying mechanism for the damage
of SAM resists by metastable atoms.

In order to have an indicator of the absolute dose required to expose a SAM resist,
we define an exposure dose D, as the dose required to damage the SAM resist sufficiently
that the underlying gold is unprotected and the post-etch reflectivity is into the saturated
(bare silicon) regime on Figures 5 and 6. Specifically, D, is the reciprocal of the slope
of the reflectivity-dose curve (s~!), multiplied by R, the reflectivity change corresponding
to complete removal of the gold (R is taken to be 0.54 here). For Ar*, D, = 25(7) x
10%atoms/cm?, while for He* , D, = 1.7(3) x 10'atoms/cm?.

Assuming that the secondary electrons that are produced by the impact of metastable
atoms are at least in part responsible for the damaging of the SAM one may compare the
charge deposited to the dose used when exposing SAMs to an electron beam or by us-
ing a scanning tunneling microscope (STM). In our experiment, if we assume one electron
per metastable atom, the typical charge for the SAM-exposure is roughly 4 x 1072 C/cm?
for Ar*and 3 x 107*C/ecm? for He*. Baer et al. [8] find in their electron-beam ex-
periments a dose of 7.5 x 1073C/cm? for the exposure of monolayers formed from oc-
tadecyltrichlorosilane (Cl3Si(CHz);7CHj) on Si-oxide. Taking into account that we used

shorter SAMs with only 12 C-atoms per molecule both methods are roughly of the same
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sensitivity. In a typical STM-experiment Perkins et. al [9] use doses of 2.2 C/cm?
to expose monolayers formed from (aminoethylaminomethyl)phenethyltrimethoxysilane
[(CH30)351 — (CHg)s — CgHy — CHy — NH — (CHz)2 — NHy)]. Though this is not the ex-
posure limit (the dose may have been far above the minimum dose threshold) it shows that
this method significantly differs from the others with regard to the deposited charge.

A potentially important source of uncertainty in the experiment was in the calibration of
the reflectivity measurements. The raw reflectivity data (photodiode current) was converted
into absolute reflectivity by dividing by the current observed for a calibration sample of bare
silicon and multiplying by the calibration factor 33(1)%. The calibration factor was obtained
by measuring both the incident and reflected power from a sample of our bare silicon. This
calibration was confirmed by measurements in which reflected power for our bare silicon was
compared to that for a high-reflectivity dielectric mirror (the two methods agreed to within
1%). Furthermore, our measured bare-silicon reflectivity is in reasonable agreement with the
value predicted at 632 nm (35.2%) by using the equations and constants given in [17]. By
mounting the same sample more than once it has been shown that random uncertainties in
the acquisition of the reflection data including both random detector noise and uncertainties
in the angular position of the sample during the reflection measurement are lower than 5%.
This source of uncertainty is therefore only minor.

Large inhomogeneities in the etched surface were frequently observed. These were in the
form of streaks with a width of a few tenths of a mm and irregular larger areas (~ 1c¢m?)
where more gold had been removed. After averaging the inhomogeneities, remaining sample-
to-sample scatter (~ 7%) in reflectance data was observed when multiple independent ex-
posures were taken at the same dose. These inhomogeneities, and the resulting uncertainty
in the reflectivity data, were largely due to irreproducibilities in etching. Several tests were
performed in order to establish a reproducible process for etching. Inhomogeneities were
sometimes also observed on control-samples that were etched without exposure. The etch-
ing configuration shown in Fig. 2 was found to give the highest overall reproducibility of the

averaged reflectivity data. We do not believe that the inhomogeneities are a fundamental
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aspect of the process, and are confident that future refinements of the technique will be
devised to overcome them. Furthermore, we note that in a practical setting, resist exposure
would typically take place significantly beyond the minimum dose threshold in order to wash

out any exposure inhomogeneity.

CONCLUSION

We have investigated the effect of metastable atom bombardment on the ability of a
self-assembled monolayer to function as a protective resist against wet-chemical etching.
The damage to the resist was quantified by using the resist to protect a gold-coated silicon
wafer, chemically etching the coated wafer, and then using a laser to measure the reflectivity
of the remaining gold and an AFM to examine the microstructure of the surface. The
amount of gold remaining after etching was found to decrease approximately linearly towards
zero, saturating above an exposure dose D, = 25(7) x 10atoms/cm? for Ar*and D, =
1.7(3) x 10"atoms/cm? for He* . Two applications for which these results may be useful are
1) the use of SAMs as a resist for neutral atom lithography, and 2) the use of SAMs as a
two dimensional detector for metastable atoms.

We found that the saturating dose was not simply proportional to the energy of the
metastable states since the damage per helium atom is 15 times higher than the damage per
argon atom while the energy of the metastable states differ only by a factor of roughly two.
This result suggests that helium is better suited for lithographic applications where the rate
of the process is an important parameter.

Note added in press: subsequent to completion of this work, a similar study was reported

by S. Nowak, T. Pfau, and J. Mlynek, Appl. Phys. B, 63, 203 (1996).
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TABLE I. Metastable-detector current and resulting metastable flux for argon and helium

atom current € flux
[nA/44.2 mm?] [10'2 571 . cm™2]

Argon 23.5 0.20 1.7

Helium 99.1 0.64 2.2

Figure 1: Experimental setup of the metastable beam apparatus.

Figure 2: Configuration for etching the samples which provided the best reproducibility.
Figure 3: Experimental setup used to determine the reflectivity.

Figure 4: Atomic force micrograph of a sample with 52% reflectivity after exposure with
metastable argon and etching as described in text.

Figure 5: Reflectivity of samples at 632 nm after receiving a certain total dose of Ar*. The
surface density of the SAM-molecules is 4.6 x 10 molecules-cm™2.

Figure 6: Reflectivity of samples at 632 nm after receiving a certain total dose of He*. The

surface density of the SAM-molecules is 4.6 x 10'* molecules-cm 2.
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